Basic leucine zipper (bZIP) proteins are a class of eukaryotic factors that regulate transcription by binding as dimers to specific DNA sequences. These proteins perform a variety of regulatory functions and occur ubiquitously, having been found in organisms as diverse as fungi, plants, and mammals. Of the nearly 70 bZIP proteins that have been identified to date (10) , most can be placed into one of five major subfamilies on the basis of their DNA recognition properties and amino acid sequence similarities (13) . These bZIP subgroups include the AP-1, CREB/ATF, C/EBP, PAR, and plant G-box proteins. The proteins in each subfamily recognize highly similar or identical DNA sites whose consensus sequences are 9-or 10-bp palindromes composed of two 5-bp half-sites. Binding sites for the various classes of bZIP proteins may differ by either their half-site sequences or their half-site spacing properties. AP-1 proteins such as Fos, Jun, and GCN4 bind to a 9-bp pseudopalindromic sequence that can be viewed as two half-sites that overlap by a single base pair (22, 30) , whereas the consensus binding sites for the other four subfamilies have directly abutted pairs of half-sites.
All bZIP domains consist of basic and leucine zipper regions that are separated by a short segment known as the fork. The basic region contains a set of highly conserved residues (the basic motif) that occurs in constant register with respect to the leucine repeats of the zipper (16, 34) . Domain-switching experiments demonstrate that sequences amino terminal to the leucine zipper, principally the basic region, dictate DNA-binding specificity (1, 17, 21, 26, 29) . X-ray crystallographic structures of GCN4-DNA complexes (7, 15) reveal that the bZIP domain forms a continuous alpha helix when bound to DNA, as predicted by earlier theoretical models (23, 34) . Each subunit of a dimer bound to DNA interacts with one of the half-sites in the recognition sequence. The basic region lies in the major groove and makes DNA contacts through amino acid side chains emanating from one side of the alpha helix. Five residues of the GCN4 basic region make base-specific contacts to DNA, while several basic-amino-acid-phosphate backbone interactions further stabilize the complex.
Paradoxically, the five base-contacting amino acids in GCN4 that presumably determine DNA-binding specificity correspond to residues that are highly conserved among bZIP proteins. Consequently, it has not been possible to deduce the basis for sequence discrimination by the various classes of bZIP factors from simple amino acid sequence comparisons and structural analogies to GCN4. Some information has been gained by constructing amino acid substitution mutations at specific basic-region residues and determining their effects upon binding specificity (13, 14, 32) . Such studies have revealed that one of the highly conserved basic motif residues that makes a base-specific contact in the GCN4 crystal structure is critical for C/EBP specificity (13, 32) . This position is occupied by alanine in most bZIP proteins but contains valine in the C/EBP proteins and, therefore, should be characterized as a variable residue. In addition, mutational studies have implicated the fork region in conferring the half-site spacing preferences of GCN4 and C/EBP (13, 14) . For the most part, however, the principles that underlie differential sequence recognition by bZIP proteins remain obscure.
One strategy for identifying specificity determinants in bZIP proteins is to exploit the existence of naturally occurring amino acid variants within subfamilies. An example of such variation occurs in the PAR bZIP protein family, which was defined by three factors (VBP/TEF, DBP, and HLF) identified in vertebrate species (6, 9, 11, 12, 20) . The PAR proteins display a high degree of sequence identity over their DNA-binding domains and contain a conserved proline-and acidic-amino-acid-rich (PAR) region at a location amino terminal to the basic region (6) . The core basic regions of these three factors are identical in all but two positions, and the fork regions are perfectly conserved (Fig. 1) . The fact that the two nonconserved core basic-region residues occupy positions analogous to those of two GCN4 residues that do not make base-specific or phosphate backbone contacts in the GCN4-DNA crystal structures (7, 15) suggested that PAR bZIP factors might have similar, if not identical, DNA-binding specificities. Evidence in support of this inference is provided by a comparison of the empirically determined optimal binding sites for VBP (this study) and HLF (8) .
Considering that several of the known PAR factor binding sites are also recognized by C/EBP proteins (20) , we were surprised to learn from a recent database search that the basic and fork regions of the PAR proteins are most similar to the Drosophila giant bZIP factor (4) rather than to C/EBP proteins. As shown in Fig. 1 , only two and three residues, respectively, distinguish the basic and fork regions of giant from those of the PAR factors. These minimal differences notwithstanding, the fact that giant has been reported to bind to CREB/ ATF-like sites (4), whereas PAR factors have not, suggested that giant and the PAR proteins may have distinct target site specificities. To address the issue of whether one or more of the five giant-specific basic-region and fork region residues might be able to confer distinct binding properties when substituted into a PAR factor, we compared VBP and various VBP/giant chimeras in binding assays using previously identified VBP and giant target sites. We also used a PCR-based site selection protocol to determine the optimal binding sites for VBP and several VBP/giant chimeras. The results of these studies highlight several determinants of binding-site specificity that could not have been inferred by reference to the crystal structures of the yeast GCN4 bZIP factor. In addition, the resolution of high-affinity binding sites for VBP reveals that many target sites for PAR factors are also target sites for a previously described transcriptional repressor as well as positively acting transcription factors that belong to two other bZIP subfamilies.
MATERIALS AND METHODS
Construction of VBP and VBP/giant expression vectors. Oligonucleotides with methionine codons and flanking NcoI sites were used in conjunction with an NcoI site-containing antisense oligonucleotide directed against the 3Ј untranslated region to PCR amplify codons at positions 79 to 313, 228 to 313, or 243 to 313 from a previously described full-length VBP cDNA clone (12) . These NcoI fragments were cloned in place of the beta-globin open reading frame segment in the pT7␤globin in vitro expression vector (generously provided by Tom Kadesch). The 235-, 86-, and 71-amino-acid proteins encoded by these three constructs are denoted full length, intermediate, and core VBP, respectively. VBP codons at positions 259, 263, 266, 269, and 270 (CGT, GCT, TTA, AAT, and CAG, which code for arginine, alanine, lysine, asparagine, and glutamine, respectively) were individually replaced with giant-specific codons (AAG, CGT, ATA, GAT, and GAG, which code for lysine, arginine, isoleucine, aspartic acid, and glutamic acid, respectively) in the context of the pT7VBP(79-313) plasmid by a two-step PCR method (35) that we have described in detail in a previous publication (12) . After sequencing of each of the five resultant VBP/giant chimeric open reading frames to confirm that only the desired mutations were introduced, these five pT7VBP/giant plasmids were used as templates to program additional rounds of two-step PCRs in order to generate pT7VBP/giant plasmids with pairs of giant-specific codons. This process of two-step PCR mutagenesis and sequencing was serially repeated to introduce 12 permutations of giant-specific codon substitutions into the VBP open reading frame. A subset of these pT7VBP/giant plasmids (see below) was subsequently used as templates to obtain PCR fragments for the two more severely truncated open reading frame segments (codons at positions 228 to 313 and 243 to 313), which were each cloned back into the NcoI site of the pT7 expression vector.
In vitro expression of VBP and VBP/giant chimeras. The pT7VBP and pT7VBP/giant plasmids described in the preceding paragraph were used to direct in vitro transcription, and subsequent in vitro translation, reactions essentially as described in detail in a previous publication (12) . In vitro translations were carried out in parallel with unlabeled methionine or [ S]methionine by following protocols provided by the manufacturer (Promega). Labeled proteins were resolved on denaturing sodium dodecyl sulfate-polyacrylamide gels and exposed to film in order to confirm that the various transcripts were translated with equal efficiencies. Aliquots of unlabeled in vitro-translated proteins were stored at Ϫ70ЊC until further use.
Gel mobility shift assays. Equal amounts of in vitro-translated VBP and VBP/giant proteins, as determined by the analysis of 35 S-labeled proteins that were translated in parallel, were used for gel shift assays essentially as described in detail in a previous publication (12) . The probes used for this analysis had identical 5Ј and 3Ј ends and differed only with respect to the nature of the 10-bp core sequence [5Ј AGGAGTG(N) 10 CTGATAA 3Ј] noted in each of the figures. To generate probes for these assays, 10-pmol aliquots of sense strand oligonucleotides were labeled with 50 pmol of [␥- and placed on ice for 1 h. The DNA and protein-DNA complexes were then resolved on 6% nondenaturing polyacrylamide gels that had been prerun for 30 min in a cold room. Gels were subjected to constant voltage (125 V), and the electrophoresis buffer (0.25ϫ TBE [19] ) was recirculated manually every 30 min. In some cases, unlabeled double-stranded competitor binding sites were also added, as indicated in the figure legends. An AMBIS radioanalytic imaging system was used to quantify the data from one such competition gel shift assay (see Fig. 4 ).
Binding-site selection experiments. Selection of optimal binding sites from a pool of random-sequence oligonucleotides was carried out by the method of Pollock and Treisman (25) , with some modifications, most of which have been described previously (13) . Epitope-tagged VBP proteins were constructed and expressed in Escherichia coli as follows. NcoI fragments containing wild-type and mutant VBP genes were inserted into pT5-Gtag, a derivative of the T7 expression vector pT5 (6a, 18). pT5-Gtag contains an expression cassette encoding the first 12 amino acids of GCN4 followed by an NcoI cloning site. Proteins expressed from this vector bear the sequence MSEYQPSLFALNA at their N termini and are therefore recognized by an antibody specific for the GCN4 N terminus (GCN4-N) (13) . The VBP expression plasmids were introduced into the host strain BL21(DE3)(pLysS) (31) , and the recombinant proteins were expressed and cell extracts were prepared as described previously (13) . Protein levels were assessed by Western blotting (immunoblotting) with the GCN4-N antibody, and the concentrations of VBP protein in the extracts were equalized by diluting the more concentrated samples with control E. coli extract. The equalized extracts were diluted an additional 20-fold prior to use in the selection procedure.
A partly degenerate oligonucleotide [5Ј CATAGATGGATCCTCT(N) 18 TCA GAATTCTCGAACC 3Ј] was made double stranded and labeled by annealing the reverse primer (5Ј GGTTCGAGAATTCCTGA 3Ј) and filling in with Klenow DNA polymerase in a reaction mixture containing [
32 P]dCTP. The doublestranded product was purified by polyacrylamide gel electrophoresis, eluted, and precipitated with ethanol. Approximately 0.8 pmol of labeled DNA probe was used in a binding reaction mixture containing the following components (final concentrations): 250 mM KCl, 16 mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid) (pH 7.9), 16% glycerol, 0.16 mM EDTA, 0.4 mM dithiothreitol, 0.4 mM phenylmethylsulfonyl fluoride, 0.1% Nonidet P-40, 100 g of BSA per ml, 50 g of poly(dI-dC) per ml, 1 l of protein extract, and 1 l of GCN4-N antiserum. After incubation for 30 min on ice, the reaction mixtures were transferred to tubes containing 10 l of protein A-Sepharose beads and incubated another 90 min at 4ЊC with mixing. The beads were washed as described previously (13) , except that the wash buffer contained 250 mM KCl. Bound DNA was eluted, precipitated with ethanol, and amplified by PCR as described elsewhere (13) by using the forward (5Ј CATAGATGGATCCTCT 3Ј) and reverse primers. PCR products were extracted with chloroform and precipitated by adjusting the solution to 2.5 M ammonium acetate and adding 6 g of glycogen carrier and 2 volumes of ethanol. Pellets were washed with 70% ethanol, counted, and resuspended in 10 mM Tris-1 mM EDTA, pH 8.0 (TE), at a concentration of 5,000 cpm/ml, and 5,000 cpm was used for the subsequent binding reaction. After five cycles of binding enrichment and amplification, the DNA was digested with BamHI and EcoRI and ligated into Bluescript. The ligated DNA was digested with PstI prior to transformation into DH5␣ cells to enrich for plasmids that contained inserts. Plasmid DNA was prepared from several independent clones from each binding-enriched pool, and the inserts were sequenced.
RESULTS
To assess whether the five giant-specific residues in the basic and fork regions alter the binding specificity of a PAR bZIP protein, we used PCR site-directed mutagenesis to introduce codons for these amino acids (KRIDE) at the corresponding positions in VBP (RALNQ) (Fig. 1) . The resultant chimeric factor [which we will refer to as VBP/giant(KRIDE)] and wildtype VBP were translated in vitro, and the binding properties of these two proteins were analyzed by gel shift assays. The probe used to assay VBP binding corresponds to a sequence (TTTAC/ATAAA) from the chicken vitellogenin II promoter that was previously used to isolate VBP cDNA clones from an expression library (12) . The probe for VBP/giant(KRIDE) corresponds to a giant binding site (ATGAC/GCAAG) from the Drosophila Kruppel promoter (4) .
As shown in Fig. 2A , VBP bound to the VBP binding site as expected (lane 1) and this complex was effectively inhibited by competition by an excess of the unlabeled homologous binding site (lanes 2 and 3). In contrast, the giant binding site from the Kruppel promoter was a poor competitor ( 13) . In contrast, the VBP binding site from the chicken vitellogenin II promoter did not compete at all for binding to the VBP/giant(KRIDE) chimera (Fig. 2B,  lanes 2 and 3) . On the basis of these findings, we conclude that these five giant-like substitutions are sufficient to confer both gain-of-function and loss-of-function binding properties to VBP. It is also interesting that two sequences (GTTAC/G TAAT and GTTAT/ATAAT) were found to compete effectively for binding to both VBP and VBP/giant(KRIDE), as shown by the data in lanes 6 through 9 in both panels of Fig. 2 . Thus, VBP and VBP/giant(KRIDE) bind to partially overlapping, rather than mutually exclusive, sets of binding sites. This conclusion is corroborated and refined by the results of optimal site selections that will be presented below.
Having established that we could alter the DNA-binding specificity of VBP by replacing five basic-region and fork region residues with the analogous residues from giant, we next examined the effects of substituting various subsets of these five giant-specific residues. We were particularly interested in determining whether two different residues or sets of residues might be responsible for gain-of-function and loss-of-function phenotypes, respectively. Since our preliminary analysis (Fig.  2) suggested that VBP and VBP/giant(KRIDE) bind to sites that have TTAC/GTAA or TTAT/ATAA core sequences but might discriminate depending on the nature of the bases in the ϩ5 and Ϫ5 positions, we made probes for each of the four possible ϩ5 and Ϫ5 palindromic extensions of the TTAC/G TAA core sequence. The abilities of VBP and VBP/giant-(KRIDE), as well as 14 additional VBP/giant chimeras, to bind to these four probes, as well as to probes for the giant binding site from the Kruppel promoter and a CREB/ATF binding site, were evaluated by using gel shift assays. The data obtained from these assays are presented in Fig. 3 .
Three salient conclusions are supported by this comparative analysis. First, it is clear from the results shown in Fig. 3A that binding to the TTTAC/GTAAA palindrome is abolished by either of two fork region substitutions (N to D and Q to E [ Fig.  1] ). In contrast, these substitutions do not appreciably impair binding to the GTTAC/GTAAC palindrome, which differs at only the ϩ5 and Ϫ5 positions (Fig. 3B) . The second point is that one of the basic-region substitutions (R to K [ Fig. 1] ) appears to effect a broadening of binding-site specificity. In particular, whereas binding to the four palindromes that contain TTAC/GTAA core sequences is not affected by this basicregion substitution (Fig. 3A through D, compare lanes 1 and  2) , increased binding to the CREB/ATF probe and, to a lesser extent, to the giant probe (compare lanes 1 and 2 in panels F and E, respectively) is seen. The third point is that the effects of introducing multiple giant-like substitutions are not necessarily additive. For example, the combination of the A-to-R and L-to-I substitutions results in a DNA-binding specificity that is distinct from that obtained with either one of these substitutions alone (Fig. 3E, compare lane 10 with lanes 3 and  4) .
Whereas fork regions have previously been implicated in biasing bZIP factors in favor of binding to either abutted or overlapping palindromic sequences (13, 14) , the data presented in Fig. 3 indicate that the information contents of different fork regions can also influence discrimination between related abutting palindromic sequences. It is particularly striking that the giant-specific fork region appears to confer on VBP an ability to discriminate between two abutted palindromic sequences that differ at only the ϩ5 and Ϫ5 positions since, as indicated in Fig. 1 , the fork region is presumably aligned near the center of the palindrome (7, 15) . In order to better gauge the ability of fork region substitutions to effect an ability to discriminate between palindromes that differ at only the ϩ5 and Ϫ5 positions, we carried out competition gel shift assays. As shown by the data in the top panel of Fig. 4 , it is clear that the TTTAC/GTAAA palindrome is only marginally less effective than the ATTAC/GTAAT palindrome at competing for binding of the latter probe to wild-type VBP. Dramatically different results were obtained for the VBP/giant-(IDE) fork region chimera, as shown by the data in the bottom panel of Fig. 4 . These results underscore the potential for fork region residues to serve as critical determinants of binding-site specificity.
Whereas the analysis thus far has highlighted how giantspecific basic-region and fork region substitutions can alter the ability of VBP to bind to sequences that are related to previously identified target site sequences, the question of whether these substitutions affect the optimal DNA-binding-site preferences of VBP remained open. To address this issue, we used a PCR-based method (25) to identify high-affinity binding sites for VBP as well as three VBP/giant chimeras that harbored either the basic-region, the fork region, or the basic-region and fork region giant-specific residues. The binding-site sequences that were independently selected by each of these four proteins are shown in Fig. 5 . Considering first the results obtained for wild-type VBP, it is clear that although there is a bias toward having a G and a T at the Ϫ5 and ϩ5 positions, respectively, all four bases appear to be tolerated at these two positions, in keeping with the data presented in Fig. 3 . Similarly, whereas VBP appears to favor a G and a C at the ϩ1 and Ϫ1 positions, FIG. 3 . The binding properties of VBP are altered when giant-specific residues are substituted into the basic or fork region. VBP/giant chimeras bearing individual giant-specific substitutions or various combinations of these substitutions were tested in gel shift assays with the indicated probes. For the sake of brevity, we have shown only the bands that correspond to the respective protein-DNA complexes. Because of the large number of proteins tested, two gel shift assays were run in parallel for each probe. Although the gel shift complexes for VBP are shown only once (in lanes 1), VBP was included in each pair of gels to provide an internal standard. We presume that the minor faster-mobility complexes in some of the lanes are due to the binding of proteolytic products.
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respectively, a significant number of the selected binding sites have an A at position ϩ1 and, to a lesser extent, a T at position Ϫ1. This finding was also not unexpected in light of the data shown in Fig. 2 . Much to our surprise, however, a significant number of the selected binding sites contained sequences resembling a CREB/ATF half-site (GTCA, reading from ϩ1 to ϩ4). In particular, the three bases that abut the variable portion of the probe (TCA) match the ϩ2 to ϩ4 portion of a CREB/ATF half-site (GTCAT), and in seven of the selected binding sites this triplet was preceeded by a G to yield a GTCA half-site. Since the right arms of these imperfect palindromes were not derived from degenerate bases, they were not included in the tally shown in Fig. 5 . In addition, two other CREB/ATF half-sites were selected from the random portion of the cassette and are included in Fig. 5 .
The binding sites selected by VBP/giant(KR) and VBP/giant(KRIDE) chimeras are quite similar to those selected by wild-type VBP, and all three factors appeared to tolerate single CREB/ATF half-sites. In contrast, the lack of any CREB/ATF half-sites in the sample of binding sites selected by the VBP/ giant(IDE) chimera suggests that the DNA-binding domain may be more severely constrained by giant-specific fork residues than by VBP-specific fork residues. The more pronounced preferences for G over A at position ϩ1, and for A over G at position Ϫ2, in the sites selected by VBP/giant(IDE) versus VBP appear to support this conclusion. Similar biases are seen when one compares the sites selected by VBP/giant-(KRIDE) and VBP/giant(KR). It is also noteworthy that all of the binding sites that were obtained with the two chimeras with giant-specific fork region residues [VBP/giant(IDE) and VBP/ giant(KRIDE)] derive from the random-sequence portion of the serially selected PCR cassette. In contrast, the proteins that contain VBP-specific fork region residues [VBP and VBP/ giant(KR)] each selected numerous binding sites that overlapped with the fixed-sequence portion of this cassette. This is FIG. 4 . The fork region of giant confers the ability to discriminate between two closely related palindromic sequences when assayed in the context of a VBP/giant chimera. Two competition gel shift assays were carried out in parallel with the ATTACGTAAT probe and various amounts of either the homologous unlabeled fragment (solid boxes) or a related unlabeled fragment (TTTACG TAAA) (striped boxes). Note that these two unlabeled sequences differ at only positions Ϫ5 and ϩ5 (relative to the centers of the respective palindromes). The top panel shows the results obtained with VBP, whereas the bottom panel shows the results obtained with the VBP/giant(IDE) chimera, which contains the giantspecific fork region residues. FIG. 5. Identification of high-affinity binding sites for VBP and VBP/giant chimeras. A PCR-based reiterative protocol (see Materials and Methods) was used to select high-affinity binding sites for wild-type VBP and VBP/giant chimeras containing giant-specific basic-region residues (KR), fork region residues (IDE), or basic-region and fork region residues (KRIDE). The sequences were aligned, and the base frequencies in each position were tabulated. Note that bases derived from the invariant portion of the amplification cassette were not included in this tally, as indicated by the fact that the sum of the four bases in some positions is less than the respective sample size.
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on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ indicated by the fact that the number of bases included in these compilations is less than the sample sizes for the ϩ2 to ϩ5 positions. As noted above, the compilations presented in Fig. 5 include bases from the degenerate portion of the original PCR cassette only. Since the selection of binding sites that contain a CREB/ ATF half-site was not anticipated, we carried out competition gel shift assays to test whether these sites might indeed be potential binding sites for VBP and VBP/giant chimeras. The results obtained with a high-affinity VBP binding site (ATTAC/ GTAAT) probe and either VBP, VBP/giant(KR), VBP/giant-(IDE), or VBP/giant(KRIDE) are shown in Fig. 6A through D, respectively. Considering first the data obtained with VBP (Fig. 6A) , it is clear that GTTAC/GTCAT (which is referred to in the figure as a VBP/CREB site but which we will refer to henceforth in the text as a PAR-CREB/ATF chimeric site to reflect the mixed nature of this imperfect palindrome) was nearly as effective as two different VBP sites (ATTAC/GTAAT and GTTAC/GTAAT) in competing for VBP binding ( Fig. 6A ; compare lanes 4 and 5 with lanes 2 and 3 and lanes 12 and 13, respectively). A PAR-C/EBP chimeric site (GTTAC/GCAAT; referred to as a VBP/CEBP site in Fig. 6 ) was also an effective competitor (Fig. 6A, lanes 8 and 9) , whereas consensus CREB/ ATF and C/EBP sites (ATGAC/GTCAT and ATTGC/GCA AT, respectively) were much poorer competitors (lanes 6 and 7 and lanes 10 and 11, respectively), albeit that each was more effective at competing than the USF binding site that we tested (lane 14). On the basis of these results, we conclude that PAR-CREB/ATF and PAR-C/EBP chimeric sites are relatively high-affinity binding sites for VBP.
Whereas consensus CREB/ATF and C/EBP sites were relatively poor competitors for binding to VBP, these sites both competed efficiently for binding to VBP/giant(KR). In fact, as evidenced by the results shown in Fig. 6B , this chimeric factor bound to all of the competitors tested, with the exception of the unrelated USF binding site. This observation provides additional support for the idea that these giant-specific basicregion residues effect a broadening of the binding-site specificity when substituted in place of the analogous VBP residues. Conversely, sequences that deviated from the 8-bp core consensus sequence (TTAG/CTAA) competed poorly, if at all, for binding to VBP/giant(IDE), as shown by Fig. 6C . Again, the ability of giant-specific fork region residues to restrict DNAbinding specificity is evident not only from a comparison of the results obtained with VBP/giant(IDE) and VBP ( Fig. 6C and A, respectively) but also from a comparison of the results obtained with VBP/giant(KRIDE) and VBP/giant(KR) (panels D and B, respectively).
Two considerations prompted us to investigate whether the repertoire of high-affinity binding sites for truncated proteins that contain only the core bZIP region might differ from the sets shown in Fig. 5 . First, mutations in the extended basic region (EBR) that resides upstream of the core basic region were found to reduce the affinity of TEF (the mouse homolog of VBP) to a subset of the binding sites that were surveyed by Drolet et al. (6) . And second, since both of the yeast GCN4-DNA crystal structures were derived by using severely truncated (i.e., essentially core bZIP) forms of GCN4 (7, 15) , it was of interest to examine in a systematic fashion the possibility that additional domains might be relevant to the interactions of at least some bZIP factors with their respective binding sites. We thus carried out DNA-binding-site selections for truncated bZIP versions of VBP, as well as the three VBP/giant chimeras that we had analyzed as full-length proteins (Fig. 5) . The choice of position for the truncation breakpoint was based on the fact that the VBP core bZIP region is encoded by a single exon (3) and the fact that this segment of VBP is essentially analogous to the segments of GCN4 used for crystal structure determinations. As shown in Fig. 7 , each of these four truncated bZIP factors displayed a striking preference for the sequence (G/A)TTAC/GTAA(C/T). The fact that a larger number of deviations from this sequence was seen with full-length versions of these factors (Fig. 5) suggests that the truncation of sequences amino terminal to the core basic region effectively restricts the DNA-binding specificities of these factors. For example, whereas T and A at positions Ϫ1 and ϩ1, respectively, were represented in the data sets obtained with fulllength VBP and all of the VBP/giant chimeras (Fig. 5) , these sequences were completely lacking in the data sets obtained with the truncated bZIP factors. Similarly, whereas CREB/ ATF half-sites were well represented among the sequences selected with full-length VBP (Fig. 5) , only two CREB/ATF half-sites were selected by the truncated bZIP version of this factor.
As noted above, the extended basic region (EBR) has been implicated as being an important determinant of DNA-binding specificity for the mouse homolog of VBP (6) . To address whether this might be the only such determinant outside the FIG. 6 . The similar optimal binding-site preferences for VBP and the VBP/ giant(KRIDE) chimera are attributable to the combination of a more permissive giant basic region and a more restrictive giant fork region. A probe (ATTAC/ GTAAT) that was identified as a high-affinity binding site for both VBP and the VBP/giant(KRIDE) chimera (Fig. 5 ) was used in gel shift assays with either VBP (A); the VBP/giant(KR) chimera, which contains the giant-specific basic-region residues (B); the VBP/giant(IDE) chimera, which contains the giant-specific fork region residues (C); or the VBP/giant(KRIDE) chimera, which contains the giant-specific basic-region and fork region residues (D). Note that a broader range of sites compete for binding to the VBP/giant(KR) chimera (B) than to any of the other proteins tested. On the other hand, the giant-specific fork region residues serve to restrict the binding-site specificity of the VBP/giant(KRIDE) chimera relative to that of the VBP/giant(KR) chimera (compare panels D and B). Note also that the presence of a CREB/ATF or C/EBP half-site (GTCAT and GCAAT, respectively) in conjunction with an optimal VBP half-site (GTAAT) only modestly decreases binding to either VBP or the VBP/giant(KRIDE) chimera (panels A and D, respectively), as predicted from the results of the optimal site selections (Fig. 5) . We presume that the minor faster-mobility complexes in some of the lanes are due to the binding of proteolytic products.
bZIP region of VBP, we expressed VBP and VBP/giant chimeras from a methionine residue that maps to a location immediately amino terminal to the EBR region and used gel shift assays to evaluate the binding properties of the resultant EBRbZIP truncated proteins. The respective full-length and bZIP VBP and VBP/giant chimeras were also analyzed for comparison. The results of this analysis are shown in Fig. 8 . As shown in Fig. 8A , the abilities of both VBP and VBP/giant(KR) to bind to the TTTAC/GTAAA probe are absolutely dependent on sequences that map to a location amino terminal to the EBR. This result is particularly striking considering that fulllength VBP has nearly the same affinity for this site as it has for an optimal binding site (unpublished results; also Fig. 4) . A similar dependence on sequences that reside at a location amino terminal to the EBR is also evident from the data presented in Fig. 8G (compare lanes 1 and 2) . The second major conclusion from this analysis is that the EBR facilitates the binding of VBP and various VBP/giant chimeric factors to nearly all of the probes tested. Interestingly, the one probe (ATTAC/GTAAT; Fig. 8C ) bound by each of these four bZIP truncated factors corresponds to the common consensus optimal binding site that was deduced from the site selections that were carried out with these bZIP truncated proteins (Fig. 7) . Curiously, the other probe (GTTAC/GTAAT; Fig. 8H ) that might have been predicted to bind to all four of these bZIP truncated proteins on the basis of its match to the deduced consensus sequence [(G/A)TTAC/GTAA(C/T); Fig. 7 ] was a poor binding site for both VBP and the VBP/giant(IDE) chimera. Finally, in keeping with the evidence presented above for the relatively broad binding specificity of the VBP/giant(KR) chimera, the bZIP truncated version of this factor was found to bind to the largest number of probes tested.
DISCUSSION
Most studies that have been directed toward understanding the molecular basis for the DNA-binding specificity of bZIP transcription factors have been focused on the core basic region, which has been shown to make base-specific and phosphate backbone contacts in GCN4-DNA crystal structures (7, 15) . We have shown here that the fork region, which was previously found to be a determinant for preferential binding to either abutted or overlapping arrangements of half-sites for the GCN4 and C/EBP bZIP proteins (13, 14) , is also involved in determining half-site specificity for a PAR bZIP factor. Additionally, we provide evidence that the DNA-binding specificity of VBP is modulated by at least two other domains in addition to the basic and fork regions. These auxiliary domains are located at a site amino terminal to the basic region and serve to broaden the binding specificity of full-length VBP relative to a truncated protein that contains only the core bZIP domain. Thus, although the primary DNA-binding determinants of bZIP proteins reside in the basic region, our findings demonstrate that more subtle deviations from the consensus binding specificity of PAR bZIP factors can be conferred by other regions of the protein.
The fork region. The analysis of C/EBP-GCN4 chimeras (13) and of amino acid substitution mutants of GCN4 (14) has led to the proposal that residues in the fork region dictate the ability to discriminate between abutted and overlapping configurations of half-sites (half-site spacing). On the basis of our analysis of VBP/giant chimeras, it is apparent that fork region residues can also influence discrimination between related palindromes such as TTTAC/GTAAA and ATTAC/GTAAT (Fig. 4) . In general, the substitution of giant-specific fork region residues into VBP appears to increase half-site sequence specificity. For example, whereas PAR-CREB/ATF sites were represented in the set of high-affinity sites selected from a pool of degenerate sequences with full-length VBP, these sites were not selected with a full-length VBP/giant chimera that contained the fork residues from giant (Fig. 5) . Our VBP/giant chimeras failed to bind to overlapping versions of any of the palindromes tested (data not shown), which is not surprising in view of the fact that the parental VBP and giant proteins bind to abutted palindromes.
How might these giant-specific fork region substitutions affect discrimination between related palindromes that differ solely at the ϩ5 and Ϫ5 positions? We suggest that this may be due to the fork region of the alpha helix being rendered more rigid by intrahelical salt bridges (Fig. 9 ). Since this rigidity would be translated to the basic-region alpha-helical segment, compensatory adjustments might be required of target sequences for binding to occur. Thus, ATTAC/GTAAT and TT FIG. 7 . Amino-terminal truncations that remove all but the core bZIP domain result in a general narrowing of binding-site specificities. A PCR method was used to generate VBP and three different VBP/giant chimeras that were truncated at the beginning of the (fourth) bZIP exon of VBP (see Materials and Methods). High-affinity binding sites for these core bZIP factors were identified by the protocol described in the legend to (24) . However, we infer that the relative importance of this parameter will have to be evaluated on a case-by-case basis. Amino-terminal auxiliary domains. We have presented evidence that in addition to the basic and fork regions, at least two other domains that reside at a location amino terminal to the core basic region of VBP contribute to DNA-binding-site specificity. One of these domains likely maps to the so-called extended basic region of VBP. A cluster of basic amino acids [KKA(R/K)K] is conserved in the Ϫ41 to Ϫ37 region (relative to the beginning of the leucine zipper) for all three members of the PAR subfamily of bZIP factors, and mutations within this region have been shown to compromise the ability of TEF (the mammalian homolog of VBP) to bind to a subset of naturally occurring TEF binding sites (6) . On the basis of data presented in this study, we infer that this extended basic region is critical for binding to a broad range of sites, with the exception being sites that were identified as high-affinity sites for the core bZIP fragment of VBP by a PCR-based site selection protocol. A similar conclusion was recently drawn on the basis of an analysis of HLF, which is another member of the PAR subfamily (8) . It should be noted that analogous extended basic regions are not a feature common to all bZIP subfamilies, however. Indeed, we have shown that this dependence on the extended basic region for binding to a number of target sites can be mitigated to a large extent by altering residues within the core basic region of VBP (Fig. 7) . Since site selections carried out with full-length and core bZIP fragments of VBP and VBP/ giant chimeras yielded 10-bp consensus sequences in each case, residues outside the core basic domain probably make nonspecific phosphate backbone contacts with the DNA rather than base-specific contacts. 9 . Fork region intrahelical salt bridges (dashed lines) may be important determinants of binding-site specificity for bZIP transcription factors. The fork and first leucine zipper heptad repeats of VBP and giant are shown with the three distinct fork region residues highlighted in boldface type. As indicated in the figure, the aspartic acid at position Ϫ2 of giant (relative to the beginning of the leucine zipper) has the potential to form an intrahelical salt bridge with the arginine at position Ϫ6 and the glutamic acid at position Ϫ1 has the potential to form a salt bridge with the lysine at position Ϫ4 or the arginine at position ϩ4 within the first heptad repeat. The substitutions of these fork region residues into VBP create analogous potential intrahelical salt bridges since the relevant charged amino acids are conserved between these two bZIP factors. Note that each of these fork region substitutions is sufficient to restrict the binding specificity of VBP (for example, see Fig. 3 ).
Although the more amino-terminal auxiliary domain of VBP has yet to be mapped, the functional significance of this domain is indicated by the fact that it is required to allow VBP to bind to the target site from the vitellogenin II promoter (TT-TAC/ATAAA) that was used to isolate cDNA clones for this factor (12) and that can be transactivated by VBP in cotransfection assays (3) .
DNA-binding specificity of the PAR bZIP protein family. VBP/TEF, DBP, and HLF were originally classified as a distinct subfamily of bZIP factors because they have conserved PAR and basic-region domains and because they were shown to have functionally compatible leucine zipper dimerization domains. On the basis of the results of binding-site selection experiments carried out with VBP (this study) and HLF (8) , it also appears that PAR factors have identical DNA-binding specificities. Considering that the consensus half-sites for CREB/ATF and C/EBP each differ in only a single position from the consensus PAR half-site (GTCAT and GCAAT versus GTAAY, respectively), it is not surprising that PAR-CREB/ATF and PAR-C/EBP chimeric sites were represented among the high-affinity sites that were selected with full-length VBP (Fig. 5) and that both of these sequences were found to bind VBP effectively (Fig. 6) . Conversely, a retrospective analysis of the sets of high-affinity binding sites that were selected with a C/EBP factor (13) and a CREB factor (2) revealed numerous examples of PAR-C/EBP chimeric sites and PAR-CREB/ATF chimeric sites, respectively. It should be noted, however, that these were previously described as imperfect C/EBP and CREB/ATF binding sites, respectively, since PAR half-sites had not been reported at the time these studies were published.
These two types of imperfect palindromes represent obvious targets for PAR factors and either C/EBP or CREB/ATF factors (Fig. 10) . For example, sequences within the HNF3␤, hemopexin, and transthyretin gene regions that were previously described as imperfect C/EBP binding sites can now more properly be described as PAR-C/EBP chimeric sites, and these sequences have recently been shown to be targets for PAR factors as well as C/EBP factors (28) . Similarly, the two ATF binding sites from the adenovirus E4 promoter that confer E1A inducibility (27) can retrospectively be classified as PAR-CREB/ATF chimeric sites. Interestingly, in contrast to other ATF sites from adenovirus early promoters, these two particular ATF binding sites are also binding sites for an E1A-inducible binding activity termed E4F. Since cDNA clones have not yet been reported for E4F, the relationship between this factor and PAR factors is presently unknown. On the other hand, a factor that appears to be distinct from E4F was identified by screening a cDNA expression library with one of these atypical ATF sites. This factor, which has been named E4BP4, functions as a transcriptional repressor and has a binding specificity that is nearly identical to that of PAR factors (5) . Thus, we suggest that E4BP4 may play a significant role in antagonizing PAR-mediated transcriptional activation. Moreover, on the basis of the interhelical salt bridge rules that have been proposed to govern leucine zipper interactions (33) , it is possible that E4BP4 may be able to heterodimerize with PAR factors. This remains to be tested, however.
An emerging theme of bZIP DNA-binding specificity is that a conserved DNA-contacting surface, the basic region, can be altered by minor variations in basic-region residues or by adjacent structural domains to generate differences in DNA recognition (reference 14 and this study). It is clear that the fork region imposes constraints on the way in which the basic region is presented to the DNA, and, at least for VBP, two domains that reside at a location amino terminal to the basic region also contribute to binding-site specificity. These findings emphasize the difficulties of attempting to draw inferences about bindingsite specificities from simple amino acid sequence comparisons and underscore the limitations of the crystal structure determined for the severely truncated GCN4 protein as a general paradigm for modeling the interactions between bZIP factors and their target DNA sequences. Further mutational studies and determination of physical structures for other bZIP factors should lead to a more universal understanding of bZIP protein-DNA specificity. 
